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Abstract
Oxygen transport in thylakoid membranes of spinach chloroplasts (Spinacia oleracea) has been studied by observing the
collisions of molecular oxygen with spin labels, using line broadening electron paramagnetic resonance (EPR) spectroscopy.
Stearic acid spin labels were used to probe the local oxygen diffusion^concentration product. The free radical moiety was
located at various distances from the membrane surface, and collision rates were estimated from linewidths of the EPR
spectra measured in the presence and absence of molecular oxygen. The profile of the local oxygen diffusion^concentration
product across the membrane determined at 20‡C demonstrates that this product, at all membrane locations, is higher than
the value measured in water. From the profile of the oxygen diffusion^concentration product, the membrane oxygen
permeability coefficient has been estimated using the procedure developed earlier (W.K. Subczynski, J.S. Hyde, A. Kusumi,
Proc. Natl. Acad. Sci. USA 86 (1989) 4474^4478). At 20‡C, the oxygen permeability coefficient for the lipid portion of the
thylakoid membrane was found to be 39.5 cm s31. This value is 20% higher than the oxygen permeability coefficient of a
water layer of the same thickness as the thylakoid membrane. The high permeability coefficient implies that the oxygen
concentration difference across the thylakoid membrane generated under the illumination of the leaf by saturating actinic
light is negligible, smaller than 1 WM. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Oxygen is actively involved in light-induced redox
processes in plants. The chloroplast electron trans-
port chain (ETC) leads to release of oxygen through
the water-splitting complex of photosystem 2 (PS2),
and oxygen consumption at the acceptor side of pho-
tosystem 1 (PS1) [1]. There is experimental evidence
that oxygen plays an essential role in the regulation
of electron transport in native chloroplasts: (1) oxy-
gen acts as the mediator of pseudocyclic electron
0005-2728 / 98 / $19.00 ß 1998 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 9 8 ) 0 0 0 9 8 - X
Abbreviations: PS1, Photosystem 1; PS2, Photosystem 2;
ETC, electron transport chain; EPR, electron paramagnetic res-
onance; 5-, 9-, 12- and 16-SASL, 5-, 9-, 12- and 16-doxylstearic
acid spin label; DMPC, dimyristoylphosphatidylcholine;
MGDG, monogalactosyldiacylglycerol ; DGDG, digalactosyldia-
cylglycerol
* Corresponding author. Fax: +48 (12) 633-6907;
E-mail : subczyn@mol.uj.edu.pl
BBABIO 44644 9-7-98
Biochimica et Biophysica Acta 1365 (1998) 453^463
transport [2,3] ; (2) oxygen is involved in chloroplast
photorespiration [4] ; (3) the concentration of oxygen
in chloroplasts controls ATP formation [3^8]; and
(4) the presence of oxygen appears to be the obliga-
tory condition for normal functioning of chloroplast
ETC in situ [2,9]. These circumstances suggest that
light-induced modulation of oxygen concentration in
the interior of a leaf might be an essential factor in
the regulation of chloroplast metabolism in vivo. In
particular, in our previous work [10] we have dem-
onstrated the correlation between the kinetics of the
redox transients of PS1 reaction center P700 and the
light-induced changes in the oxygen concentration
inside a leaf.
An oxygen concentration di¡erence across the thy-
lakoid membrane might occur because of the asym-
metrical arrangement of ETC components. A water-
splitting complex of PS2 is exposed to the thylakoid
interior, while the oxygen-reducing components of
ETC are located at the outer side of the thylakoid
membrane or in the bulk phase of chloroplast stro-
ma. Therefore, oxygen evolved by the PS2 water-
splitting complex di¡uses through the thylakoid
membrane from the internal side of thylakoid to
the external bulk phase (stroma). The high protein
content and the presence of boundary lipids may
provide a barrier to oxygen transport through the
thylakoid membrane. If the membrane permeability
for oxygen is rather small, one could expect the ap-
pearance of a steady-state oxygen concentration dif-
ference across the thylakoid membrane. We cannot
rule out the possibility that oxygen produced by the
water-splitting complex buried deeply in the PS2 can
be released to the stroma side of the thylakoid mem-
brane via a speci¢c path (channel) in this protein
complex. This hypothesis was already raised for
channeling of oxygen into the respiratory enzyme
[11].
One of the questions concerning the regulatory
role of oxygen is whether the local concentrations
of oxygen in di¡erent compartments of chloroplast
increase to such a high level that the redox states of
ETC components could be a¡ected, and thus in£u-
ence electron £ow. Under certain conditions, a light-
induced, supersaturated oxygen concentration can be
created in the aqueous solution surrounding cyano-
bacteria, which leads to photo-oxidative damage to
both photosynthesis and respiration [12]. High local
concentrations of oxygen inside chloroplasts can also
stimulate the formation of active forms of oxygen
(superoxide anion radicals, hydrogen peroxide)
which should lead to the photodestruction of pig-
ments and degradation of proteins [13^15]. However,
due to the subcompartmentalization of a chloroplast,
it is practically impossible to measure directly an
oxygen concentration di¡erence across the thylakoid
membrane or to determine a local concentration of
oxygen in a particular chloroplast compartment.
Conventional methods for oxygen monitoring pro-
vide only an averaged picture of oxygen production
or consumption. Indeed, the use of a macroscopic
Clark electrode cannot help in measuring oxygen
concentration in the interior of the leaf. An applica-
tion of microscopic paramagnetic oxygen-sensitive
probes (see, e.g. [10,16,17]) appears to be promising
for monitoring the modulation of the oxygen level
inside a leaf. However, the lack of information on
partitioning of the microscopic probe between the
thylakoid lumen, membranes and stroma impacts
negatively on e¡orts to measure the local concentra-
tions of oxygen in di¡erent compartments of a func-
tioning chloroplast.
An answer to the question about possible oxygen
gradients in chloroplasts is tightly associated with
oxygen permeability through the thylakoid mem-
brane. In this work, we have estimated the oxygen
permeability coe⁄cient for the thylakoid membrane
from the pro¢le of the oxygen di¡usion^concentra-
tion product across the membrane, using the proce-
dure developed earlier [18,19]. This pro¢le was ob-
tained by observing the oxygen broadening of the
electron paramagnetic resonance (EPR) spectrum of
lipid-soluble spin labels located at various distances
from the membrane surface, which is determined by
the product of the local oxygen concentration and
the local oxygen di¡usion coe⁄cient [20,21]. Having
determined the thylakoid membrane permeability co-
e⁄cient for oxygen, we evaluated the oxygen concen-
tration di¡erence that could be generated across the
thylakoid membrane during chloroplast illumination.
An elementary estimate showed that under steady-
state physiological conditions, the oxygen concentra-
tion di¡erence across the thylakoid membrane
should be negligible.
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2. Theoretical background
Previously, we have shown that spin label oxime-
try is a quantitative method that allows the calcula-
tion of the oxygen di¡usion^concentration product
and oxygen permeability across the membrane
[18,19,22]. We demonstrated [20,21] that in water
every collision of oxygen with a nitroxide radical
leads to an observable-event^line-broadening of the
EPR spectrum. Since this method works so well in
water with its low viscosity, it is almost certain to
work in higher viscosity solvents such as oils and
membranes (see also [23,24] for further discussion).
These results allow us to connect the Smoluchowski
equation for colliding molecules,
g  4ZpRDxCx 1
with oxygen-induced line broadening of the EPR
spin label spectrum, expressed in frequency units
[25,26]:
g 

3
p
2
QvHppx: 2
In Eq. 1, C(x) is the local oxygen concentration at
1 atm partial pressure of oxygen, R is the interaction
distance between oxygen and nitroxide radical, and p
is the probability that an observable event is re-
corded when a collision takes place. The Smoluchow-
ski equation for the bimolecular collision rate of dis-
solved oxygen molecules with various spin labels
yields values for the di¡usion coe⁄cient of oxygen
in water that are in agreement with published values
obtained by conventional methods [20,21]. The most
signi¢cant aspect of that agreement is that a Heisen-
burg exchange at an interaction distance of 4.5 Aî
occurs with a probability close to 1 for each encoun-
ter. The exchange integral between spin label and
oxygen is su⁄ciently strong to result in a measurable
event on every collision, even though the translation-
al correlation time is as short as 10311 s. Also, our
evaluations in hydrophobic hydrocarbon solvents
give similar values of R and p [20,23]. It is also as-
sumed that the di¡usion coe⁄cient of oxygen, D(x),
is much higher than the di¡usion coe⁄cient of the
spin label. In £uid-phase membranes, the average
di¡usion coe⁄cient of oxygen is 1.5^1.8U1035 cm2
s31 [24,27] while that of 16-SASL is 5.8U1038 cm2
s31 [28]. In water, however, this di¡erence is not as
great. At 20‡C, the di¡usion coe⁄cient of oxygen
equals 2U1035 cm2 s31 [29] and for TEMPONE
(the nitroxide spin label of the size of free-radical
moiety of SASL) equals 0.6U1035 cm2 s31 [30].
The di¡usion coe⁄cient of SASL in water is not
available, but should be smaller than that of TEM-
PONE. We can estimate, however, that without cor-
rection the ¢nal result is underestimated by not more
than 20%.
vHpp(x) is the oxygen-induced peak-to-peak line
broadening at 1 atm partial pressure and Q is the
magnetogyric ratio of the electron. The value of
vHpp(x) can been determined directly from the ex-
periment as:
vHppx  Hppx;O23Hppx;N2; 3
where Hpp(x,O2) and Hpp(x,N2) are the peak-to-peak
linewidths of the central component of the EPR spec-
trum of nitroxide spin labels for samples equilibrated
with oxygen or nitrogen, respectively, at 1 atm pres-
sure. Eq. 2 is appropriate, in principle, if the line
shape of the EPR signal in the absence of oxygen
is Lorentzian. No speci¢c measurements of line
shapes were made, and for more accurate measure-
ments such a procedure would be appropriate. Our
measurements were performed for the central line of
SASL, which is Lorentzian in shape over the widest
range of experimental conditions. Also, CW satura-
tion curves of SASLs in water and in membranes
indicate a high degree of homogeneity of this line.
The variable x indicates the ‘depth’ (the position of
the nitroxide moiety) in the membrane. Thus, the
measurement of vHpp(x) yields the product of the
local translational di¡usion coe⁄cient, D(x), and
the local concentration of oxygen, C(x), at depth x
in the membrane. In our previous paper [31], we
reported the existence of vertical £uctuations of the
nitroxide moiety of SASL towards the polar surface
of the lipid bilayer. Measurements were made of bi-
molecular collision rates between moieties at di¡erent
locations on the alkyl chain. Information on the
time-average depth, however, is not available. Fortu-
nately, neutron di¡raction measurements in deuter-
ated phosphatidylcholine membranes [32] show that
the average position of the carbon atoms in the alkyl
chain can be determined with an accuracy of þ 1.5
Aî . It is also reported that the width of the label
distribution is found to increase at the end of the
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chain. These measurements indicate that most of the
time, the carbon atom (in our case, the nitroxide
moiety) stays at the position determined by Zaccai
et al. [32]. In our further calculations, we assume that
the nitroxide moiety of SASL is located at the mean
depth of a given carbon in the 1- and 2-chain in the
phospholipid. The oxygen translational correlation
time (V10311 s) is much shorter than the spin label
rotational correlation time (V1039 s), and SASL
rotation does not a¡ect the measured oxygen di¡u-
sion^concentration product in membranes.
The oxygen permeability coe⁄cient across the
membrane, Pm, can be determined from the mem-
brane pro¢le of the oxygen di¡usion^concentration
product, D(x)C(x), based on the theory of Diamond
and Katz [33] and a procedure developed by Sub-
czynski et al. [18]. It is necessary to make an integra-
tion of (D(x)C(x))31, which is a measure of the re-
sistance to oxygen permeation, over the entire
thickness, h, of the membrane. The product
D(x)C(x) is connected with the oxygen-induced line
broadening, vHpp(x), through Eqs. 1 and 2. Accord-
ing to [19], the ¢nal expression for Pm has the fol-
lowing form:
PmEPR  8ZpR
3
p
Q
CW
Z h
0
dx
vHppx
 31
: 4
Here, CW is the oxygen concentration in water
equilibrated with 1 atm partial pressure of oxygen
and ‘EPR’ indicates that Pm is determined based
on EPR measurements.
The oxygen permeability across the water layer of
the same thickness as the membrane can be deter-
mined as:
PWEPR  8ZpR
3
p
Q
CW
h
vHppwater
 31
; 5
where vHpp(water) is the EPR signal broadening in-
duced by the equilibration of a water sample con-
taining spin label with 1 atm pressure of oxygen. In
our experiments, vHpp(water) was determined using
2U1034 M solution of 16-doxylstearic acid spin la-
bel. Other SASLs exhibit the same oxygen-induced
line broadening [19], but are less soluble in water.
Since the product pR is remarkably independent of
solvent viscosity, hydrophobicity, and spin-label spe-
cies [20,21,23,24], the relative value of oxygen perme-
ability across the membrane, Pm(EPR)/PW(EPR),
which does not contain parameters p and R, can be
determined from Eqs. 4 and 5. Thus, it becomes
possible to overcome uncertainties in the values of
p and R. To determine the absolute value of the oxy-
gen permeability across the membrane, Pm, the oxy-
gen permeability coe⁄cient PW for a water layer of
the thickness h, has been used. It can be determined
independent of PW(EPR) from the macroscopic dif-
fusion coe⁄cient of oxygen in water DW [29] accord-
ing to the equation:
PW  DW=h: 6
Thus, the absolute value for the oxygen permeabil-
ity coe⁄cient across the membrane is given by Eq. 7.
Pm  PmEPRPWEPRPW: 7
These equations are valid if oxygen di¡usion is
isotropic. It has been previously shown, using lipid-
soluble spin labels with a di¡erent orientation of the
Z-orbital of the nitroxide radical relative to the mem-
brane normal, that oxygen di¡usion in the pure £uid-
phase dimyristoylphosphatidylcholine (DMPC)
membranes is almost isotropic [34]. This has also
been concluded from £uorescence measurements of
oxygen di¡usion through membranes [27]. A molec-
ular dynamics simulation of translational di¡usion of
NO in the hydrocarbon region of the DMPC bilayer
led to the same conclusion [35]. Calculated average
coe⁄cients of the NO translational di¡usion in both
lateral and transverse directions appear to be the
same. Similarly, the lateral di¡usion pro¢le of water
molecules in a DMPC bilayer obtained from molec-
ular dynamics simulation was very similar to the
transverse pro¢le [36], which indicates that on the
local scale of di¡usion the membrane looks essen-
tially isotropic. To our knowledge no simulation of
oxygen di¡usion in the lipid bilayer has been per-
formed, but because of similar physical properties,
the di¡usion of NO should closely resemble oxygen
di¡usion [37,38]. Also it is argued that the mecha-
nism of di¡usion of small molecules (MW6 50) in
membranes is the same [22], so conclusions from NO
and H2O di¡usion can be extended to oxygen di¡u-
sion. Thus, experimental results and computer simu-
lations indicate that molecular oxygen di¡uses iso-
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tropically in the hydrophobic hydrocarbon region of
the membrane.
3. Materials and methods
3.1. Reagents
5-, 9-, 12- and 16-doxylstearic acid spin labels (5-,
9-, 12- and 16-SASL) were obtained from Molecular
Probes, (Eugene, OR). Other reagents were obtained
from Sigma (St. Louis, MO).
3.2. Preparation of thylakoid membranes
Thylakoid membranes were isolated from spinach
leaves (Spinacia oleracea) according to the method
described earlier [39]. Deveined leaves were homog-
enized in ice-cold 50 mM HEPES bu¡er, pH 7.6,
containing 5 mM MgCl2, 50 mM NaCl and 0.3 M
mannitol as osmoticum. The homogenate was ¢ltered
through four layers of cheesecloth and centrifuged
for 4 min at 600Ug. The supernatant was centrifuged
for 10 min at 1500Ug and the resulting pellet was
suspended for 20 min in osmotic shock bu¡er (10
mM HEPES, pH 7.6, 5 mM MgCl2 and 10 mM
NaCl). Then the suspension was centrifuged for 10
min at 2500Ug and the pellet of thylakoid mem-
branes was suspended in homogenization bu¡er at
the concentration of chlorophyll (about 1 mg/ml).
All manipulations of thylakoid membranes, includ-
ing EPR measurements, were performed in dark or
dim light to prevent light-induced redox transforma-
tion of the spin labels.
3.3. Spin labeling of thylakoid membranes
A spin-label ¢lm was prepared on the bottom of a
10-ml beaker by drying 50 Wl of the 1 mM chloro-
form solution of n-SASL. Then the 0.5 ml suspension
of thylakoid membranes was added to the beaker
and shaken for 30 min at room temperature. After
shaking, the sample was placed into an Eppendorf
tube and centrifuged for 15 min at 4‡C. The thick
membrane suspension was transferred to a thin-wall
gas-permeable capillary (0.7 mm i.d.) made of the
methylpentene polymer, TPX [23]. This plastic is per-
meable to oxygen and nitrogen, but is substantially
impermeable to water. Our control measurements
demonstrated that this incubation time was su⁄cient
to incorporate all spin-label molecules. Based on
data from the literature and our own observations,
we assumed that SASLs are distributed symmetri-
cally in the membrane, i.e. with the carboxyl groups
facing either the stromal or the lumenal surface of
the thylakoid membrane. It was demonstrated ([40]
and citations therein) that SASLs, when added to the
suspension of intact cells, are located in all cellular
membranes and that SASLs are in rapid equilibrium
throughout the membranous system of the cell. It
was also shown that the £ip-£op of fatty acids and
long-chain nitroxide esters in phospholipid bilayers is
fast [41,42]. The spin-labeled suspension of thylakoid
membranes was immediately used for EPR measure-
ments.
Fig. 1. Chemical structures of monogalactosyldiacylglycerol
(MGDG), digalactosyldiacylglycerol (DGDG), and spin labels
used in this work. Spin labels are intercalated in the membrane
with the hydrophilic part (left-hand side) in the polar head-
group region of the membrane. The locations of the nitroxide
moiety in the stearic acid molecule are shown. Galactolipids are
major components of the lipid portion of thylakoid membranes
(see also Table 1, footnotes).
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3.4. EPR measurements
The TPX plastic capillary was positioned inside
the EPR dewar insert and EPR measurements were
carried out with a Varian E-109 X-band spectrome-
ter. To determine the extent of oxygen-induced line
broadening, the peak-to-peak linewidth of the central
component of the spin-label EPR spectrum was
measured ¢rst for the sample equilibrated with nitro-
gen, and then for the sample equilibrated with oxy-
gen. Equilibrations with nitrogen and oxygen, as well
as EPR measurements, were performed at 20‡C. The
microwave power was 1 mW, scan range 10 G, and
modulation amplitude about ¢ve times smaller than
the linewidth. Every point was repeated several
times.
4. Results and discussion
4.1. EPR spectra of stearic acid spin labels in
thylakoid membranes
Fig. 1 shows the structures of the lipid-soluble spin
labels (derivatives of stearic acid) used in this work
together with the structures of the main lipid com-
ponents of thylakoid membrane monogalactosyldia-
cylglycerol (MGDG) and digalactosyldiacylglycerol
(DGDG) (see also Table 1, more details in foot-
notes). When dissolved in thylakoid membranes,
these molecules give EPR spectra (Fig. 2) that are
typical of spectra of SASLs located in a hydrophobic
membrane environment. Spectra in Fig. 2 show no
evidence of signals that might come from nitroxide
radicals located in aqueous surroundings. Since no
‘hydrophobic’ or ‘polar’ signals are superimposed,
the linewidth of the central component of the EPR
spin-label spectrum can be used as the most sensitive
parameter to evaluate the broadening e¡ect of oxy-
gen dissolved in the lipid bilayer. The mobility of
Fig. 3. Order parameter S of SASL in thylakoid membranes at
20‡C (measured as a function of nitroxide position (n) along
the hydrocarbon chain in stearic acid).
Fig. 2. EPR spectra of doxylstearic acid spin labels (5-, 9-, 12-
and 16-SASL) in thylakoid membranes recorded at 20‡C for
samples equilibrated with nitrogen. The measured parameters
are indicated. The outer wings were also magni¢ed by recording
at 10 times the receiver gain. Peak-to-peak central linewidths
were recorded with expanded abscissa (magnetic ¢eld scan
range by a factor of 10).
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nitroxide radicals increases with depth of location in
the thylakoid membrane. This follows from Fig. 3,
which demonstrates the dependence of the spin-label
order parameter, S, calculated from spectral param-
eters 2TNP and 2TPP, on the position of the nitroxide
radical in the stearic chain. The alkyl chain order is,
however, surprisingly high to the depth of the twelfth
carbon and decreases only at the depth of the 16th
carbon. Alkyl chains of the lipid bilayer portion of
the thylakoid membrane are very well ordered in the
near polar headgroup region and fairly £uid in the
membrane center. These characteristics suggest the
possibility of lateral transport of non-polar molecules
in the inner core region of the extended network of
chloroplast membranes. Previously, Skulachev [43]
noted the possibility of lateral transport of small hy-
drophobic solutes along the ¢lamentous network of
mitochondria.
4.2. Line broadening measurements of the oxygen
di¡usion^concentration product
The pro¢le of the oxygen-induced line broadening
of the central line of the EPR spectra from SASLs is
shown in Fig. 4. Linewidth broadening increases with
penetration of the nitroxide radical into the hydro-
phobic core of the thylakoid membrane, resulting in
a maximal value in the central region of the mem-
brane. Because of methodological di⁄culties, it was
impossible to insert a nitroxide radical into the polar
region of the thylakoid membrane. Therefore, we
assumed that the oxygen di¡usion^concentration
product (and thus the vHpp(x) value) changes line-
arly from the value at the 5-SASL position to the
value for the aqueous phase obtained in a separate
experiment from 16-SASL dissolved in water. Sup-
port for this assumption comes from the fact that for
Fig. 4. Pro¢le of the relative oxygen di¡usion^concentration product (or oxygen-induced EPR line broadening) across the thylakoid
membrane at 20‡C. Approximate locations of nitroxide fragments of spin labels are indicated by arrows. Data for aqueous phase (in-
dicated by uH2O) were obtained with 16-SASL, which at pH 9.5 is fairly soluble in water. Data points represent mean þ S.D. (n = 4).
Table 1
Oxygen permeability coe⁄cient for thylakoid membranes at 20‡Ca
DbW (10
35 cm2 s31) hc (Aî ) PW (cm s31) Pm(EPR)/PW(EPR) Pm (cm s31)
2.0 61.7 32.4 1.22 39.5
aLipid composition of thylakoid membranes is extremely di¡erent from that of other intracellular organelles. The main components of
thylakoid membrane polar lipids are uncharged galactolipids, MGDG and DGDG (see Fig. 1), which together account for about 70
mol% of total polar lipids in spinach thylakoids [54]. A very signi¢cant feature of thylakoid membranes is the high amount of polyun-
saturated fatty acids. The main fatty acid is linolenic acid with three double bonds, C-18:3, which is more than 70 mol% of the total
fatty acid of galactolipids [54^56].
bThe bulk di¡usion coe⁄cient of oxygen in water [29].
cThe thickness of the membrane is assumed to be the same as for the bilayer formed of the natural plant DGDG [57]. The thicknesses
of the hydrocarbon layer and the polar headgroup region are 31.7 and 15 Aî , respectively.
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model membranes the oxygen di¡usion^concentra-
tion product obtained with tempocholine dipalmit-
oylphosphatidic acid ester in the polar headgroup
region lies between values for 5-SASL and SASL in
the aqueous phase [18,44].
These results are also shown as the ratio of the
local oxygen di¡usion^concentration product in the
membrane, D(x)C(x), to that product in water,
DWCW. The pro¢le is very similar to those obtained
for oxygen in unsaturated phosphatidylcholine mem-
branes [18,19,44], but gives higher values of oxygen
di¡usion^concentration products than the pro¢le
across the Chinese hamster ovary plasma membrane
[22]. Values of the oxygen di¡usion^concentration
product in thylakoid membranes equilibrated with
1 atm partial pressure of oxygen at 20‡C can be
obtained by multiplying the ratio of D(x)C(x)/
DWCW from Fig. 4 by the product DWCW =
2.8U10311 mol cm31 s31 that was determined by
classical di¡usion measurement [29] and tables of
oxygen solubility in water [45].
The oxygen di¡usion^concentration product is it-
self signi¢cant because the rate of all chemical reac-
tions involving oxygen depends on the collision fre-
quency of oxygen with attacked molecules and thus,
on the local oxygen di¡usion^concentration product.
In the membrane center, that product is about two
times higher than in water, and chemical reactions
such as lipid peroxidation and formation of active
forms of oxygen can be expected to proceed more
readily in the membrane center than in the hydro-
carbon region close to the membrane surface.
4.3. Oxygen permeability across the thylakoid
membrane
The permeability coe⁄cient of the lipid bilayer
portion of the thylakoid membrane, Pm(EPR), was
Fig. 5. Top: (vHpp(x))31 at 20‡C is plotted as a function of the distance from the center of the thylakoid membrane to show the oxy-
gen permeability barriers and the method of integration based on Eq. 4 (i.e. measuring the hatched area under the solid curve). The
thickness of the membrane headgroup region and hydrocarbon region is assumed to be the same as for a bilayer formed of the natu-
ral plant galactolipids [57]. It is assumed that the locations of the alkyl chain carbon atoms in the membrane change linearly with the
position on the alkyl chain [32] and that the nitroxide group of SASL is located at the mean depth of a certain carbon atom of the
1- and 2-chain of galactolipid. The average length of the alkyl chain is 18 carbons (see also Table 1, footnotes). Bottom:
(vHpp(water))31 at 20‡C plotted for a water layer of the same thickness as the membrane in order to illustrate the method of integra-
tion following Eq. 5 (measuring the hatched area under the solid line). The ratio of Pm(EPR)/PW(EPR) is the ratio of the areas in the
¢gures.
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evaluated using Eq. 4 with the integration performed
based on Fig. 5, top. In this ¢gure, the reciprocal
value of oxygen-induced line broadening,
(vHpp(x))31, is plotted as a function of distance
from the membrane center. Integration is performed
over the entire membrane thickness including the
polar headgroup region, where we assume that
(vHpp(x))31 changes linearly from the value of the
5-SASL position to the value obtained for the aque-
ous phase. The manner of integration of the oxygen
permeability coe⁄cient across a water layer of the
same thickness as a membrane, PW(EPR), is shown
in Fig. 5, bottom. The ratio of Pm(EPR)/PW(EPR) is
the ratio of these two integrals: (dashed area shown
in Fig. 5, bottom)/(dashed area shown in Fig. 5, top).
As previously noted, by using the ratio of Pm(EPR)/
PW(EPR) the e¡ect of uncertainty of the pR product
from EPR measurements can be reduced. The ¢nal
value of Pm is obtained by multiplying Pm(EPR)/
PW(EPR) by the permeability value of oxygen
through the water layer of the same thickness as a
membrane, as calculated from measurements of the
bulk di¡usion coe⁄cient [29]. Data are shown in
Table 1. Table 1 contains the information used for
the evaluation of the membrane thickness. These
data indicate that the lipid bilayer portion of the
thylakoid membrane does not retard oxygen di¡u-
sion from the thylakoid. This lipid bilayer portion
is not a barrier to oxygen permeation because Pm/
PWs 1.
4.4. Oxygen concentration di¡erence across the
thylakoid membrane
The knowledge of the membrane oxygen perme-
ability coe⁄cient, Pm, and the rate of oxygen pro-
duction by functioning chloroplasts, J, permits cal-
culation of the possible oxygen concentration
Fig. 6. Top: schematic representation of the non-cyclic electron transport in the thylakoid membrane and transmembrane di¡usion of
oxygen produced by the PS2 water-splitting complex. Bottom: schematic drawing of the thylakoid assuming a spherical shape (A) or
as a disk-like vesicle (B). Dimensions used for calculation of the oxygen concentration di¡erence across the thylakoid membrane are
indicated.
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di¡erence across the membrane, vC, from the phe-
nomenological relationship J = PmvC. In the case of
the non-cyclic electron transport, a transmembrane
oxygen £ux can be evaluated as J = NV/S, where N
is a number of oxygen-producing PS2 complexes per
one thylakoid, V is a rate of oxygen production by
one PS2 complex, and S is an e⁄cient surface of a
thylakoid that is permeable for oxygen. It is reason-
able to take N = 1000 and V = 100 s31 [46]. Consid-
ering a thylakoid as the oxygen-transparent sphere of
radius rW1000 Aî (Fig. 6A), vCW3.3 nM is ob-
tained. However, under normal physiological condi-
tions, thylakoids of grana, which contain water-split-
ting complexes, represent appressed disk-like vesicles.
In this case, oxygen di¡usion should proceed pre-
dominantly through the rather narrow side surface
of the disk which is exposed to stroma. Taking the
radius of the disk rW1000 Aî and height hW100 Aî
(Fig. 6B), vCW0.1 WM is obtained. The top portion
of Fig. 6 shows a scheme for the non-cyclic electron
transport in the thylakoid membrane and transmem-
brane di¡usion of oxygen produced by the PS2
water-splitting complex.
Data do exist indicating that protein content in the
membrane can a¡ect the oxygen permeability coe⁄-
cient [47,48]. These studies, however, introduce an-
other level of complication: they demonstrate varia-
tion of oxygen transport between bulk lipids and
boundary layers of proteins, between protein clusters
and bulk lipids, between lipid domains, and within
the integral membrane protein itself. Thylakoid
membranes belong to a group of protein-rich mem-
branes with a typical protein-to-lipid ratio (w/w) of
1.5 [49]. Because integral membrane proteins [47,50]
as well as water-soluble proteins [51,52] are imperme-
able to oxygen, the oxygen concentration di¡erence
can be increased several times (by a factor propor-
tional to the ratio of the surface area of thylakoid to
the surface area of its lipid bilayer portion). With
these corrections it can still be concluded that the
oxygen concentration di¡erence across the thylakoid
membrane generated under the illumination of the
leaf should be negligible (less than 1 WM).
In our previous work [10,53], we measured the
kinetics of light-induced oxygenation of the interior
of a bean leaf using either a specially prepared mi-
croscopic water-soluble probe for oxygen (serum al-
bumin-coated para⁄n oil particles containing choles-
tane spin label) or paramagnetic fusinite particles. In
the former experiment [10], it was demonstrated that
the intense actinic light induced only a very small net
increase (less than 2.5%) in oxygen concentration in
the bulk of aqueous phase of the leaf interior. How-
ever, results of the latter experiment [53] did not
show any signi¢cant changes in the oxygen level.
These measurements were performed 24 h after fu-
sinite injection into a bean leaf, so the excess water
injected into the intercellular compartments of the
leaf had time to evaporate. The experiment indicated
a fast di¡usion of oxygen from the leaf, i.e., a good
ventilation of its interior. Results of our measure-
ments in the present study demonstrate that high
permeability of a thylakoid membrane for oxygen
should preclude any signi¢cant increase in the con-
centration of oxygen in local chloroplast compart-
ments (vC9 1 WM). Thus, we conclude that photo-
synthetic production of oxygen in itself should not be
damaging to the thylakoid membrane.
This conclusion, of course, does not mean that the
functioning of photosynthetic apparatus of chloro-
plast would not produce toxic forms of oxygen
(superoxide radicals, hydrogen peroxide) that can
arise due to oxygen interaction with the reduced elec-
tron transport carriers. One might expect an in-
creased steady-state yield of toxic forms of oxygen
because of a light-induced increase in oxygen concen-
tration. However, the high permeability of thylakoid
membranes to oxygen and the good ventilation of
the leaf interior [10,53] will mediate the increase of
oxygen concentration and thus diminish the produc-
tion of dangerous active forms of oxygen.
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